Abstract: Mastering the change of cement raw materials composition in real time has important significance to timely adjusting the proportion of raw materials and improving the quality of cement products. As a result, a greater need for online chemical sensors is evolving. Laser-induced breakdown spectroscopy (LIBS) possesses many of the characteristics required for such online chemical sensing, and is a promising technique for field measurements in harsh industrial environments. In this work, we developed a LIBS device for online cement raw materials quality monitoring in the way of ejecting gas-powder mixture, and enhanced the measurement stability through approaches including powder concentration of the ejected gas-powder stream stabilization, pulsed laser power stabilization, and optical efficiency enhancement.
Introduction
Cost-Effective quality control for raw materials is vitally important in cement plant, because it is the foundation to ensure continuous production of qualified clinker and excellent performance of cement. Traditional quality control is mainly performed according to the time-consuming chemical analysis, resulting in adjustment lag and quality fluctuations. X-ray fluorescence (XRF) is also a technique commonly used for characterizing the elemental composition of cement. However, strict sample preparation procedures are required to ensure the sample surface roughness not exceeding a specified value. The emerged on-line prompt gamma neutron activation analysis (PGNAA) improved the situation to some extent. However, it requires use of radioactive sources, so that the equipment has a lot of inconvenience in operation, management, and maintenance. In addition, the measurement stability of PGNAA can be seriously affected by effects such as neutron absorption and scattering, γ-ray self-absorption, self-shielding, etc. [1] , [2] . For the purpose of product quality control, there is urgent demand for developing new technologies suitable for on-line quantitative analysis of cement raw materials.
The laser-induced breakdown spectroscopy (LIBS) technique, which fundamentally utilizes line emission radiated from the micro-plasma that goes through vaporization, dissociation, and excitation or ionization of the sample surface, is able to perform simultaneous multi-element analysis of powdery samples without any special instrumentation alterations. Therefore, it is an attractive tool for application to cement plants. LIBS has been greatly developed in recent decades and widely used in many fields, such as metallurgy [3] , [4] , geology [5] , [6] , environment [7] , [8] , etc. For concrete analysis, A. Mansoori et al. employed LIBS to analyze the pressed cement ingredient pellets, the major and minor elements of cement such as Ca, Si, K, Mg, Al, Na, Ti, Mn and Sr were qualitatively and quantitatively determined [9] . Gondal et al. employed a dual pulsed LIBS system for detection of weak spectral line of sulfur in concrete using the S(II) peak at 545.38 nm as a marker for quantifying sulfur content in concrete, the limit of detection (LOD) achieved was approximately 38 mg/g [10] . Weritz et al. employed LIBS for investigation of the sulfur content in concrete by using the S(I) spectral line at 921.3 nm, both depth profiles and spatial resolved sulfur distributions were presented measured on concrete cores originating from a highly sulfate contaminated clarifier [11] . Gehlen et al. used LIBS to analyze drill cores by scanning the hydrated cement sample surface with laser pulses, and a LOD according to DIN32645 of 0.1 mass% was achieved for chlorine in hydrated cement using the Cl(I) 134.72 nm emission line [12] . We designed a laboratory LIBS apparatus that mainly comprising a sealed optical module and an analysis chamber for application in cement plants for on-site quality analysis of cement, and good agreement was found between the laboratory measurement results from the LIBS method and those from the traditional method, with the absolute measurement errors of less than 0.5% [13] . It is notable that all the above studies were performed in the laboratory conditions. However, in the case of industrial application, the on-line LIBS measurement stability would be difficult to be guaranteed due to the complexity of the environmental conditions and the lack of sample preparation process. To date, there are many studies focusing on stability improvement in LIBS measurements. Scaffidi et al. combined the nanosecond and femtosecond laser in an orthogonal preablation spark dual-pulse LIBS configuration, even without full optimization of interpulse alignment, ablation focus, large signal, signal-to-noise ratio, and signal-tobackground ratio enhancements were observed for both copper and aluminum targets [14] . Popov et al. developed a small chamber in brass to enhance the sensitivity of single-pulse LIBS for element determination in air, an increase of a factor of 3 and 10 for As and Fe signals was detected in the violet range (230-240 nm) [15] . George et al. found that there existed an optimum pressure range that optimized the LIBS signal strength and quality, which provided quantitative detection with linearity over at least two orders of magnitude [16] . Hou et al. proposed an algorithm based on the characteristics of atomic and ionic lines under various plasma conditions to reduce the signal fluctuation that caused by the varying plasma temperature and electron density, the relative standard deviation (RSD) was reduced from 2.93% (Cu(I) 406.264 nm) and 2.13% (Cu(II) 217.941 nm) to 1.68% (combined intensity) [17] .
In order to apply the LIBS technology to industrial cement production line, a novel experimental LIBS device with a pneumatic sampling module has been developed for possibly online monitoring of the powdery cement raw materials quality. Field test illustrated that the measurement instability mainly depended on: 1) the change in the powder concentration of the ejected gas-powder stream; 2) the fluctuation of the pulsed laser output power; 3) the change in the fluorescence collection efficiency. Accordingly, the gas-powder stream stabilization technology, pulsed laser power stabilization technology, and optical excitation and collection efficiency enhancement were proposed to improve the measurement stability of the experimental LIBS device. 
Experimental Apparatus
The bypass pneumatic sampling module in this experimental LIBS device ( Fig. 1) can suck out the powdery raw materials from the cement conveying pipe and eject a continuous high-speed columnar gas-powder mixture stream by using a vacuum conveyor (VC). After LIBS detection, the mixed flow is transported back to the conveying pipe through a rubber sleeve tube. The 1064 nm Q-switched Nd: YAG laser operating with 80 mJ pulse energy, 8 ns pulse width, and 20 Hz pulse repetition rate, excites the gas-powder stream with a focal spot diameter of approximately 200 μm by a 150 mm focal length quartz lens and generates plasma, of which the fluorescence is guided to a single-channel spectrometer (AvaSpec-2048FT-USB2, 230-450 nm, 0.1 nm spectral resolution) by means of a 1-m-long all-silica optical fiber (numerical aperture, 0.22; core, 600 μm). In this work, a time delay of 200 ns and a time gate width of 50 ms were used. The spectra are transmitted to the PC for data processing. For the three unstable factors as referred in the introduction, corresponding improvements in reduction of instability have been made on the experimental device described as follows.
Stabilization of the Gas-Powder Stream
In order to stabilize the powder concentration of the gas-powder stream, an extra 200 mW, 405 nm continuous semiconductor violet laser was introduced into the LIBS device. On the one hand, the violet laser that irradiated to the gas-powder stream is scattered and detected by silicon detector 1. On the other hand, it enables to change the ejected gas-powder mixture parameters (including the flow rate, flow velocity, etc.) through real-time adjustment of the vacuum conveyor driving pressure, so that the detected scattered violet laser intensity is always close to the preset value, thus ensuring the ejected gas-powder stream a steady powder distribution and reducing the influence of sample morphological characteristics [18] , [19] . Here, the diameter of the 405 nm laser spot that irradiating on the gas-powder mixture is comparable to that of the gas-powder stream. In the optical path, a beam splitter (BS) is located to divide the 405 nm laser beam into two split laser beams. The reflected split beam that detected by silicon detector 1 acts as the reference signal to eliminate the influence of the violet laser power fluctuations. The flow chart for stabilizing the powder concentration of gas-powder stream is shown in Fig. 2 . The PC compares the intensity value of detector 1 with the preset value. Once the detected intensity value I is larger than the preset value P and exceeds the acceptable range ±δ, the PC will turn up the driving pressure step by step until the absolute value of difference is finally reduced to less than δ. Conversely, if I is smaller than P and exceeds the acceptable range, the PC will turn down the driving pressure step by step until the absolute value of difference is finally reduced to less than δ. This stabilization method enables the ejected gas-powder stream to keep a stable powder concentration during the continuous LIBS measurements.
Stabilization of the Pulsed Laser Output Power
The output power of the Q-switched pulsed laser that acts as the excitation source in LIBS, will drift slowly due to the aging of xenon lamp or power supply, deliquescence of Q-switched crystal, thermal deformation, etc., and result in increased measurement error and shorter maintenance period [20] , [21] . In consideration of the response time of the power meter, a delay-controlled closed-loop feedback pulsed laser power stabilization method has been proposed for on-line monitoring using LIBS.
As shown in Fig. 1 , the pulsed laser is divided into two beams by a halt-wave plate (HWP) and a polarizing beam splitter (PBS), wherein the horizontal beam propagates to the sample surface for LIBS analysis, and the vertical one is detected by the power meter and used as the feedback signal. The laser output power can be changed by adjusting the power supply voltage of the xenon lamp. The corresponding regulation process is similar to the above-mentioned gas-powder stream stabilization process.
Optical Efficiency Enhancement
Since the surface of the ejected gas-powder mixed column is unstable compared to that of the traditional pressed tablet [22] , [23] , the formation position of laser-induced plasma inevitably has tiny fluctuations. Meanwhile, due to the relatively small solid collection angle of the optical fiber, even a slight displacement of the plasma can significantly change the fiber collection efficiency, resulting in unstable spectra. In addition, the mass density of the gas-powder stream is much smaller than that of the pressed tablet, thus the corresponding plasma emission is relatively weak. Considering our previously reported laboratory cement quality analysis apparatus [13] , a 4X beam expander (BE) and a 24 cm focal length concave mirror (CM) with a 6 mm diameter middle hole were employed to increase the excitation and collection efficiency [24] . 
Results and Discussion
In order to verify the validity of the proposed stabilization methods and the optical improvements, long-term field tests were carried out in the cement plant by using the stability improved experimental LIBS device.
Stability of Gas-Powder Stream
This experimental on-line monitoring LIBS device was designed upon the bypass pneumatic sampling method and capable of performing real-time cement quality evaluation, but also brought new problems. Since the flow rate (∼0.04 ton/s) and flow velocity (∼1.25 m/s) of raw materials in the conveying pipe vary randomly, leading to unstable powder concentration of ejected gas-powder stream and poor measurement stability. Here, an extra 405 nm continuous laser beam pointed to the gas-powder stream was introduced to characterize the changes in the mixture characteristics by measuring the scattered laser light intensity. A typical emission spectrum of laser-induced cement raw materials plasma is shown in Fig. 3 , which reveals the principal components such as Si, Al, Fe, Mg, and Ca, as well as the 405 nm scattered laser. It also can be seen that there is no interference between the scattered 405 nm laser and the plasma emission lines, thus will not affect the quantitative analysis results. By changing the driving pressure of the vacuum conveyor through a proportional pressure regulating valve (PPRV), the powder concentration of the ejected gas-powder stream can be adjusted correspondingly, and finally make the scattered laser light intensity be under control. In the experiment, we slowly increased the driving pressure with a constant interval of 1.07 × 10 −2 MPa and simultaneously recorded the scattered laser light intensity using a silicon photoelectric detector with large, medium and small flow rates of cement raw materials in the conveying pipe, respectively, as shown in Fig. 4 . When the driving pressure is relatively small (<0.2 MPa), the scattered laser light intensity changes almost irregularly, and the ejected amount of raw materials seems to be very unstable. When the driving pressure is greater than 0.25 MPa, the scattered laser light intensity decreases with the increase of the driving pressure. In the driving pressure region of 0.25−0.43 MPa, due to small RSD of the scattered laser light intensity and the comparatively steep trend, it is suitable for stabilizing the scattered laser light intensity by controlling the driving pressure. In this experiment, the preset value of the scattered laser light intensity was set to 1.75. If the absolute value of difference between the silicon detector value and the preset value is Fig. 4 . Relationships between the scattered laser light intensity and the driving pressure under different flow rates of raw materials in the conveying pipe. Fig. 5 . Comparison of the scattered laser light intensity and the full spectral area of plasma before and after gas-powder stream stabilization. In addition, the corresponding RSD values were calculated. larger than 0.05 MPa, the scattered laser light intensity would be changed by adjusting the driving pressure, so as to achieve a stable gas-powder stream. Here, a pressure interval of 0.001 MPa and a feedback response of 2 seconds were used. A comparison between 1000 plasma fluorescence intensity and the corresponding scattered laser light intensity before and after gas-powder stream stabilization is shown in Fig. 5 . After stabilization, the RSD of the scattered laser light intensity and that of the integrated plasma spectra intensity have decreased from 2.79% and 10.63% to 1.63% and 3.99%, respectively. Therefore, it is confirmed that the proposed method for stabilizing the powder concentration of the gas-powder stream is feasible to achieve stable scattered laser radiation and induce stable plasmas.
Stability of Pulsed Laser Output Power
A novel delay-controlled closed-loop feedback pulsed laser power stabilization module was integrated into the LIBS device by using the laser power feedback signal to stabilize the Nd: YAG laser output power so as to ensure the measurement stability. A two-month long-term test was carried out to verify the feasibility of the power stabilization method by using two separate pulsed laser sources. Here, the time delay between two successive feedback control signals was 10 seconds, the preset power value was 160 mW, and the acceptable range was ±4 mW (the natural fluctuation range of pulsed laser in a short free running mode). A comparison between the stabilized laser power and the free running one is shown in Fig. 6 . It can be seen that the laser output power drastically decreases from 160 mW to 90 mW with a fall of 56% in the free running mode, while the stabilized laser power is stable at close to the preset 160 mW. Thus proving the feedback pulsed laser power stabilization method is effective to improve the long-term stability of the experimental LIBS device.
Enhancement of Optical Efficiency
In order to enhance the excitation and the fluorescence collection efficiency, as shown in Fig. 1 , a BE and a CM with a middle hole were employed to optimize the optical path. The characteristic emission lines intensities as well as RSDs corresponding to Ca(II) 318.1 nm and Mg(II) 279.7 nm of sixty plasma spectra were chosen as representative for comparison of before and after optical efficiency enhancement. As shown in Fig. 7 , the averaged Ca(II) 318.0 nm line intensity increases from 7000 to 9000 and the RSD decreases from 3.49% to 1.34%, while the averaged Mg(II) 279.7 nm line intensity increases from 3000 to 4000 and the RSD decreases from 5.75% to 3.22%. Obviously, after the optical optimization, both intensity and stability of the spectral lines increased dramatically. 
Improvement in Quantitative Analysis Results
After gas-powder stream stabilization, pulsed laser output power stabilization, and optical efficiency enhancement, the performance of the optimized experimental LIBS device for quantitative analysis was evaluated. A total of 500 cement raw material samples were collected and the chemical compositions were certified by the standard chemical analysis. Here, 400 samples were used for calibration, with the remaining 100 were used as validation samples. We totally acquired 500 groups of spectral data, each of which contained 1800 plasma spectra. The support vector regression combined with principal component analysis (PCA) was employed as the non-linear regression method to establish the prediction model [25] . A comparison of the certified and the measured calcium oxide contents as well as the calculated relative errors before and after optimization are displayed in Fig. 8 . Obviously, after optimization, the average relative error (ARE) and standard deviation (SD) decrease from 1.01% and 0.58 to 0.43% and 0.31, respectively. Furthermore, the relative errors are generally steady and the distribution remains uniform without any accidental large fluctuations. It is demonstrated that this stability-enhanced LIBS device has superior performance on measurement stability compared to the on-line industrial LIBS machine with average SD of 0.47 [26] .
Conclusion
Current cement industry has increasing requirements on robust, stable, safe, and accurate online quality monitoring technique so as to improve the qualified rate of roller kiln and ensure the cement product quality. We have developed a pneumatic sampling based on-line powdery cement raw materials quality monitoring experimental LIBS device and improved the measurement stability by means of gas-powder stream stabilization, pulsed laser output power stabilization, and optical efficiency enhancement. Quantitative analysis results show that both the ARE and SD of the measured calcium oxide contents drastically decreased from 1.01% and 0.58 to 0.43% and 0.31, respectively. The optimized LIBS device is capable of performing reliable and real-time measurement of major metallic oxides in cement raw materials and provides a valuable tool for optimal blending control in cement plants.
This investigation provides an approach for overcoming the limitation that has been up to now the major obstacle to practical LIBS applications to on-line quantitative analysis of powdery samples directly, and it serves as a first step toward the use of LIBS for on-line monitoring in cement plants. Future studies will address the specific issue concerning proper adjustment in blending operation when variation in metallic oxides occurs.
